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Balloon angioplasty is now widely used to treat
short peripheral and coronary arterial stenoses. In
cerebral arteries and especially at the level of carotid
bifurcation, balloon angioplasty remains controver-
sial despite the theoretic benefit of endoluminal pro-
cedures, even with primary stenting. Cerebral
embolic events are at risk of stroke and constitute
the most challenging problem of carotid angioplas-
ty.1 Recently, Ohki et al2 developed an ex vivo model
in which endarterectomy specimens of carotid bifur-
cations were encased in expanded polytetrafluo-
roethylene (ePTFE) wraps to analyze the risk for
embolic events associated with carotid balloon
angioplasty and stenting. This model demonstrated
the higher risk of emboli associated with tight
stenoses and low echogenicity plaques.
We developed another ex vivo model using fresh
carotid bifurcations explanted during carotid bypass
graftings to quantitatively analyze embolic particles
that were generated at each stage of the angioplasty
procedure. Another characteristic of this new model
was the performance of the angioplasty on nonen-
darterectomized carotid bifurcations. This model
was used to assess the number of particles and their
size and the subsequent risk of stroke before the
procedure, after the lesion was crossed with a
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guidewire, after the placement of the balloon
catheter, and after balloon angioplasty.
MATERIAL AND METHODS
Five ex vivo carotid artery bifurcation balloon
angioplasties were performed between January and
June 1998. The carotid bifurcations used in these
experiments were obtained from five patients who
were undergoing a common to internal carotid
bypass graft to treat a symptomatic carotid bifur-
cation stenosis >75%. In these five patients, the
indication for a bypass procedure was a carotid
bifurcation stenosis measuring between 2 and 2.5
cm in length that resected the middle and the dis-
tal part of the common carotid artery (CCA) and
the juxtacranial internal carotid artery (ICA). The
carotid bifurcations could be resected because our
standard bypass technique includes a reimplanta-
tion of the external carotid artery (ECA) in the
graft. During the same period of time, 42 patients
underwent standard carotid endarterectomy pro-
cedures.
Characterization of carotid lesions. Carotid
lesions were characterized according to preoperative
angiographic images and duplex ultrasonographic
scans. Percentage stenosis was calculated according
to the North American Symptomatic Carotid
Endarterectomy Trial criteria.3 The presence or
absence of plaque ulceration was determined by an
evaluation of angiograms and duplex studies.
Surgical procedures. Patients underwent the
operation under locoregional anesthesia. The
carotid bifurcation was exposed through a standard
presternocleidomastoid incision. The patients were
given 50 U/kg sodium heparinate, and the CCA
and ECA were clamped. In the absence of any neu-
rologic event over a 5-minute test period, the ICA
was clamped, and the carotid artery bifurcation was
excised. The excised arterial specimen included the
distal 5 cm of the CCA, the proximal 3 cm of the
ICA, and approximately 1 cm of the ECA. A 6- or
7-mm diameter ePTFE graft was then interposed
between CCA and ICA. Both anastomoses, proxi-
mal and distal, were done end-to-end with 6-0
monofilament sutures. The ECA was then reim-
planted in the graft, directly or using a short ePTFE
interposition graft. We routinely use this technique
for carotid bypass grafting for two reasons: (1)
hemodynamic conditions are probably better with
such an “anatomic” bypass graft than with a simple
lateroterminal bypass graft, and (2) endarterectomy
of the ECA is not necessary, reducing the subse-
quent risk of occlusion.
Preparation of the carotid specimen.
Immediately after excision of the carotid artery
bifurcation, the ECA was ligated just distally to the
origin of the superior thyroid artery. The excised
arterial specimen was then gently rinsed with saline
solution to remove blood residues and kept in nor-
mal saline solution until the ex vivo angioplasty pro-
cedure, which was performed in the operating the-
ater immediately after the end of the surgical proce-
dure.
Ex vivo balloon angioplasty. Fresh carotid
specimens were fixed over a radiolucent plate with
the use of polypropylene sutures. A 7F sheath
(Terumo Corporation, Tokyo, Japan) was then con-
nected to the CCA with a ligature to secure the
specimen for subsequent studies. The extremity of
the ICA was kept open. The experimental complex
was then placed over a radiolucent operating table.
Ex vivo angiography of each carotid specimen
was performed before the intervention by means of
an injection of contrast material into the CCA
through the sheath and imaging with a C-arm fluo-
roscope (OEC Medical Systems, Salt Lake City,
Utah). A 0.018-inch hydrophilic guidewire (Terumo
Corporation) was passed through the stenosis under
fluoroscopic guidance. A 5-mm × 2-cm angioplasty
balloon (Sub-4; Medi-Tech/Boston Scientific, Natick,
Mass) was then advanced over the wire and correctly
positioned with fluoroscopic guidance. Angioplasty
was performed with three inflations of the balloon up
to a pressure of 7 atm for 10 seconds. Angiograms
were obtained after the balloon dilatation.
Collection of embolic particles. Before the
endovascular maneuvers and after each stage of the
experimental procedure, the specimens were flushed
with 20 mL of saline solution infused over 2 seconds
through the sheath. The effluent of each flush was
collected at the open extremity of the ICA. Samples
were then obtained before any endovascular maneu-
ver (E0), after guidewire placement (E1), after the
positioning of the angioplasty balloon (E2), and
after the balloon angioplasty (E3). E0 and E3 sam-
ples were always obtained before angiographic con-
trols. Each sample was supplemented with 2 mL of
crude formaldehyde and kept at 4°C before analysis.
Analysis of embolic particles. Particulate
emboli were searched in all the effluents. Effluents
were first treated to count small particles according
to the Coulter technique. Three drops of Zap oglo-
bine (Beckman-Coulter, Margency, France) were
added to the effluent to destroy the erythrocytes.
Small particles were then counted in each effluent
with the use of a Coulter Multisizer (Beckman-
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Coulter) and a 100 µm filtering orifice. With this
calibration, counts were reliable for particles less
than 60 µm in diameter. Two counts were per-
formed on each effluent to determine the number of
particles that were less than 60 µm in diameter and
the number of particles that were less than 20 µm in
diameter. With these two thresholds of measure,
three parameters were defined to evaluate and com-
pare the number and the size of the particles in the
effluents: (1) the total number of particles measur-
ing less than 60 µm in diameter, (2) the number of
particles between 20 and 60 µm in diameter, and (3)
the mean diameter of the detected particles.
After this procedure, each effluent was filtered
through a sterile cellulose acetate membrane calibrat-
ed to 0.45 µm. The membranes were then removed
from the filters, vacuum-dried, and gold-palladium
coated according to standard techniques for scanning
electron microscopy (SEM). Each membrane was
examined in a scanning electron microscope (JSM
840; JEOL USA Inc, Peabody, Mass). The diameter
and the morphologic features of the largest particles
were analyzed at the magnifications of × 50 and × 250.
RESULTS
Characteristics of carotid lesions. All of the
patients underwent an ICA stenosis of more than
75%. In patients 1, 2 and 3, the carotid plaques
(CP1, CP2 and CP3, respectively) were smooth and
localized to the carotid bulb, without ulceration and
irregularities. In patients 4 and 5, the carotid
plaques (CP4 and CP5, respectively) were irregular
on the angiograms. CP4 was located at the tip of the
carotid bulb, which was large and irregular; and CP5
was ulcerated on the angiogram and duplex scan.
Surgical procedures. All of the patients under-
went a carotido-carotid bypass graft with a direct
reimplantation of the ECA. No perioperative com-
plication was observed, and the postoperative course
was uneventful in the five patients. All of the patients
underwent postoperative angiography or a duplex
scan that demonstrated the patency of the carotid
bypass graft.
Ex vivo balloon angioplasty. The time interval
between the carotid bifurcation excision and the ex
vivo balloon angioplasty procedure varied between
60 and 90 minutes. Carotid balloon angioplasty was
successfully performed on all the carotid artery
bifurcation specimens. In all the specimens, a resid-
ual stenosis of more than 30% was observed after the
balloon angioplasty.
Counts and size of embolic particles. All of the
E0 effluents contained between 25117 (CP4) and
101900 (CP3) particles (Fig 1). The mean diameter
of these particles varied from 3.62 (CP5) to 6.5 µm
(CP1; Fig 2). SEM examination of these E0 particles
predominantly showed platelet aggregates. When
the arterial lesion was crossed by the guidewire
(effluent E1) or when the balloon catheter was posi-
tioned (effluent E2), the number (Fig 1) and the
mean diameter (Fig 2) of the embolic particles did
not change with CP1, CP2, and CP3. With CP4 and
CP5, the number of embolic particles was higher
after these maneuvers (Fig 1), but their diameter was
unchanged (Fig 2). The maximal size of E1 particles
(Fig 3) measured by SEM was 112 µm (CP2; Fig 4).
The maximal size of E2 particles (Fig 3) was approx-
imately 220 µm with CP5 (Fig 5). After balloon
angioplasty (effluent E3), the number of embolic
particles generated by carotid lesions remained
Fig 1. Number of small particles (<60 µm maximal diameter) detected by the Coulter tech-
nique.
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unchanged with CP1, but it moderately increased
with CP2 and highly increased with CP3 (Fig 1).
With CP4 and CP5, the number of embolic particles
decreased in E3 compared with E2 (Fig 1). The
mean diameter of the E3 embolic particles increased
to reach 14.78 µm in CP4 (Fig 2). Moreover, the
number of embolic particles with a diameter
between 20 and 60 µm highly increased after bal-
loon angioplasty (Fig 6). The maximal sizes of E3
particles observed in SEM (Fig 3) were 1000 (CP4)
and 1100 µm (CP5), with several particles measur-
ing between 100 and 800 µm (Fig 7).
DISCUSSION
Balloon angioplasty generates embolic parti-
cles,1,4-8 which consist of atherosclerotic debris, calci-
fied material, endothelial fragments and microthrom-
bi composed from platelets, fibrin, and cholesterol.
Air bubbles may also migrate during the procedure.
Such embolic events have been reported to occur in
3% to 5% of coronary and peripheral balloon angio-
plasties.1,4,6 This embolic risk appears higher after
carotid bifurcation balloon angioplasty,9,10 and sever-
al series reported cumulative perioperative stroke and
death rates that range between 5.3% and 9.7%.8,11-16
In these series, most of the strokes were believed to be
caused by multiple embolic occlusions of the middle
cerebral artery.12,17 With the use of transcranial
Doppler ultrasound scanning, it was also shown that
numerous embolic particles could be detected during
carotid balloon angioplasty.1,8,9,18,19 Experimental
models demonstrated the embolic risk of balloon
angioplasty.4-6,20 Nevertheless, these models did not
reproduce the characteristics of human atheromatous
stenoses.4,6
De Monte et al21 searched for particulate emboli
after carotid balloon angioplasty. In their study,
atheromatous and acellular debris represented only
0.0055% of the total volume of the postangioplasty
effluent. However, their search was done during ret-
Fig 2. Mean diameter of small particles (<60 µm maximal diameter) detected by the Coulter
technique.
Fig 3. Maximal size of particles detected by SEM examination.
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rograde balloon angioplasty of the proximal CCA,
where the morphologic characteristics of plaques are
very different from those observed at the carotid
bifurcation. More recently, Ohki et al2 developed an
ex vivo human model to study the embolic potential
of carotid bifurcation angioplasty and stenting. In
these experiments, they removed endarterectomy
specimens as casts of carotid bifurcation that were
encased in an ePTFE wrap to re-create the adventi-
tia. Balloon angioplasty with stenting was then per-
Fig 4. Particles shown by SEM examination of the E1 effluent collected after crossing the CP2
carotid plaque with a guidewire. (Original magnification, ×250.)
Fig 5. SEM examination of the E2 effluent collected from the CP5 specimen after the balloon
catheter was positioned shows a large embolic particle. (Original magnification, ×250.)
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formed, and the effluent from each specimen was fil-
tered for embolic particles larger than 120 µm. The
embolic risk of balloon angioplasty was correlated
with plaque characteristics and the severity of steno-
sis. This study clearly showed that echolucent
plaques and plaques with stenosis of 90% or more
generated a higher number of embolic particles after
balloon angioplasty and stenting. Embolic particles
essentially consisted of atherosclerotic debris.
This investigation was designed to study the risk
for embolic events according to the different stages
of carotid artery bifurcation angioplasty. In this
model, the use of fresh carotid bifurcation specimens
allowed for the performance of the balloon angio-
plasty of carotid plaques left in the arterial wall.
Moreover, elasticity of the human carotid arteries
was maintained. Balloon angioplasty was performed
according to the technical principles advocated by
some authors.1,17 However, in our model and in the
study reported by Ohki et al,2 air bubble emboli
were not searched for.
In this study, particulate emboli were detected
after each stage of the angioplasty procedure. The
Coulter technique was chosen for its ability to detect
small particles. SEM was used to detect and calibrate
the largest particles to predict the clinical significance
of these particulate emboli. The size of most embol-
ic particles generated by carotid balloon angioplasty
was less than 60 µm, with many platelet or choles-
terol microthrombi. These small microthrombi could
be expected to be trapped in the cerebral capillaries
and the cortical arteries of the pia mater with infra-
clinical consequences.1 However, the progressive
neuropsychic sequelae of such microemboli are
unknown, and clinical tests would help to better
define their consequences.1
Particulate emboli generated by the placement
of the endoluminal guidewire and the balloon
catheter were due to the parietal trauma when the
lesion was crossed.1 Embolic particles detected after
positioning the guidewire could occlude peripheral
cortical arteries, thalamic arteries, and precapillary
arterioles. Particles detected after positioning the
balloon catheter could occlude the lumen of third
generation cortical arteries. With such particles, the
neurologic risk depends on the number and the fre-
quency of the emboli. The risk of emboli as early as
the endoluminal guidewire crosses the lesion or
when the balloon is positioned raises questions
about protective techniques with the use of coaxial
catheters, as proposed by Theron et al.11 These
techniques require the pass through the stenosis
with an occlusive microballoon before dilation. The
diameter of the balloon catheter used by Theron et
al (0.8 mm) is about twice the size of a 0.018-in
(0.45 mm) guidewire. According to the results of
this study, the parietal trauma caused by an occlu-
sive catheter crossing a tight or irregular stenosis
could easily generate embolic events. Similarly, as
emphasized by Brown,1 primary carotid stenting
could also be at risk of parietal trauma and emboli.
After balloon angioplasty, particulate emboli were
detected whatever the morphologic characteristics
of the atherosclerotic plaque. The size of most par-
ticles detected by SEM ranged from 200 to 500
µm. These results are in accordance with transcra-
nial Doppler ultrasound scanning and show that the
size of most embolic particles generated by balloon
angioplasty is less than 400 µm.8 Such particles
could occlude cortical arteries and most of the per-
forating arteries of the central gray nuclei and of the
hypothalamus. The size of the largest particles
Fig 6. Number of small particles with a diameter between 20 and 60 µm.
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detected after balloon dilatation was between 1000
and 1500 µm. In the model developed by Ohki et
al,2 the maximum size of the particles was 2100 µm.
The neurologic risk of particles measuring more
than 1000 µm is certainly high because they can
occlude cerebral arteries and communicating arter-
ies of the Willis polygon. Downstream, these parti-
cles could also occlude the cortical arteries of the first
dichotomies. In this model and in the model  by Ohki
et al, these large particles were scarce, but a single
emboli of that size could induce a stroke. Moreover,
these particles could be released through the large
interstices of some stents, which suggests the advan-
tage of covered stents in carotid angioplasty.
Fig 7. Particles demonstrated by means of SEM examination of the E3 effluents collected from
CP4 (A) and CP5 (B) plaques after balloon angioplasty. (Original magnification, ×50.)
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CONCLUSIONS
Even if the extent to which this model is exactly
translatable to clinical circumstances is unclear, it
demonstrates that carotid bifurcation balloon angio-
plasty is at risk of emboli at each stage of the proce-
dure. Therefore techniques of prevention should be
effective from the initial step of the angioplasty pro-
cedure. At the present time, occlusive balloons and
stents are the recommended protective techniques.
However, even with these techniques, primary cross-
ing of the carotid plaque remains necessary, with a
risk of parietal trauma, especially with irregular or
tight stenoses. The selection of patients for carotid
angioplasty is then crucial.
REFERENCES
1. Brown MM. Balloon angioplasty for extracranial carotid dis-
ease. Advances in Vascular Surgery 1996;4:53-69.
2. Ohki T, Marin ML, Lyon RT, Berdejo GL, Soundararajan K,
Ohki M, et al. Ex vivo human carotid artery bifurcation
stenting: correlation of lesion characteristics with embolic
potential. J Vasc Surg 1998;27:463-71.
3. North American Symptomatic Carotid Endarterectomy Trial
Collaborators. Beneficial effect of carotid endarterectomy in
symptomatic patients with high-grade carotid stenosis. N
Engl J Med 1991;325:445-53.
4. Block PC, Elmer D, Fallon JT. Release of atherosclerosis debris
after transluminal angioplasty. Circulation 1982;65:950-2.
5. Sanborn TA, Faxon DP, Waugh D, Small DM, Haudenschild
C, Gottsman SB, et al. Transluminal angioplasty in experi-
mental atherosclerosis: analysis for embolization using an in
vivo perfusion system. Circulation 1982;66:917-22.
6. Block PC, Baughman KL, Pasternak RC, Fallon JT.
Transluminal angioplasty: correlation of morphologic and
angiographic findings in an experimental model. Circulation
1980;61:778-85.
7. Block PC. Mechanism of transluminal angioplasty. Am J
Cardiol 1984;53:69C-71C.
8. Markus HS, Clifton A, Buckenham T, Brown MM. Carotid
angioplasty: detection of embolic signals during and after the
procedure. Stroke 1994;25:2403-6.
9. Sawada M, Hashimoto N, Nishi S, Akiyama Y. Detection of
embolic signals during and after percutaneous transluminal
angioplasty of subclavian and vertebral arteries using transcra-
nial Doppler ultrasonography. Neurosurgery 1997;41:535-41.
10. Avril G, Batt M, Guidoin R, Marois M, Hassen-Khodja R,
Gagliardi JM, et al. Carotid endarterectomy plaques: correla-
tions of clinical and anatomic findings. Ann Vasc Surg
1991;5:50-4.
11. Theron JG, Payelle GG, Coskun O, Huet HF, Guimaraens L.
Carotid artery stenosis: treatment with protected balloon
angioplasty and stent placement. Radiology 1996;201:627-
36.
12. Gil-Peralta A, Mayol A, Gonzalez Marcos JR, Gonzalez A,
Ruano J, Boza F, et al. Percutaneous transluminal angioplas-
ty of the symptomatic atherosclerosic carotid arteries: results,
complications and follow-up. Stroke 1996;27:2271-3.
13. Mathur A, Roubin GS, Iyer SS, Piamsonboon C, Liu MW,
Gomez CR, et al. Predictors of stroke complicating carotid
artery stenting. Circulation 1998;97:1239-45.
14. Diethrich EB, Ndiaye M, Reid DB. Stenting in the carotid
artery: initial experience in 110 patients. J Endovasc Surg
1996;3:42-62.
15. Wholey MH, Wholey M, Bergeron P, Diethrich EB, Henry
M, Laborde JC, et al. Current global status of carotid artery
stent placement. Cathet Cardiovasc Diagn 1998;44:1-6.
16. Jordan WD, Voellinger DC, Fisher WS, Redden D,
McDowell HA. A comparison of carotid angioplasty with
stenting versus endarterectomy with regional anesthesia. J
Vasc Surg 1998;28:397-402.
17. Kachel R. Results of balloon angioplasty in the carotid arter-
ies. J Endovasc Surg 1996;3:22-30.
18. Georgiadis D, Grosset DG, Quin RO, Nichol JAR, Bone I,
Lees KR. Detection of intracranial emboli in patients with
carotid disease. Eur J Vasc Surg 1994;8:309-14.
19. Markus HS, Brown MM. Differentiation between different
pathological cerebral embolic materials using transcranial
Doppler in an in vitro model. Stroke 1993;24:1-5.
20. Titus BG, Auth DC, Ritchie JL. Distal embolization during
mechanical thrombolysis: rotational thrombectomy vs. bal-
loon angioplasty. Cathet Cardiovasc Diagn 1990;19:279-85.
21. DeMonte F, Peerless SJ, Rankin RN. Carotid transluminal
angioplasty with evidence of distal embolization. J Neurosurg
1989;70:138-41.
Submitted Jun 9, 1999; accepted Aug 10, 1999.
